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a b s t r a c t
MgcRacGAP (RACGAP1) is a GTPase Activating Protein (GAP), highly produced in the mouse embryonic
brain and in the human and mouse post-natal testis. MgcRacGAP negatively controls the activity of Rac
and Cdc42, which are key molecular switches acting on the microtubule and actin cytoskeleton and
controlling various cell processes such as proliferation, adhesion and motility. Previous studies
demonstrated that MgcRacGAP plays a critical role in the cytokinesis of somatic cells; hence homozygous
inactivation of the gene in the mouse and mutation in Caenorhabditis elegans led to embryonic lethality
due to the inability of MgcRacGAP-null embryos to assemble the central spindle and to complete
cytokinesis.
In the testis, the germ cells do not complete cytokinesis and remain connected as a syncytium
throughout the entire process of spermatogenesis. Interestingly, MgcRacGAP was shown to locate to the
intercellular bridges, connecting these germ cells. In order to determine the function(s) of MgcRacGAP in
the male germline, we generated a conditional knock-out mouse using Stra8 promoter driven Cre
recombinase to induce the speciﬁc deletion of MgcRacGAP in the pre-meiotic germ cells. We found that
the absence of MgcRacGAP induced a germline depletion and male sterility. Consistent with the role of
MgcRacGAP in the establishment of the cytoplasm constriction during cytokinesis of the somatic cells,
we observed that MgcRacGAP deletion in the germ cells prevented the formation of the intercellular
bridges and induced a proliferation arrest. While we assume that inherited homozygous loss of function
mutations in MgcRacGAP would be lethal in human, de novo mutations in the testis might account for
some cases of non-obstructive oligo- and/or azoo-spermia syndromes, whose genetic causes are
altogether still poorly deﬁned.
& 2013 Elsevier Inc. All rights reserved.
Introduction
Small GTPases of the Rho family (Rho, Rac and Cdc42) control
the dynamic changes in the actin and microtubule cytoskeleton
and thus play a major regulatory role in cell proliferation, cell
adhesion and cell motility (Hall, 2012).
We previously cloned and characterized the Male Germ Cell
Rac GTPase-activating protein, MgcRacGAP (also called RACGAP1),
and demonstrated that MgcRacGAP is a GAP factor that negatively
regulates the activity of Rac and Cdc42 (Toure et al., 1998).
MgcRacGAP mRNA was shown to be ubiquitously expressed at
high level in the mouse embryonic brain and in the human and
mouse post-natal testis (Arar et al., 1999).
Inactivation of the gene in the mouse and in C. elegans revealed
an essential role during development as MgcRacGAP-null embryo
failed to assemble the central spindle and to complete cytokinesis,
which resulted in embryonic lethality (Jantsch-Plunger et al.,
2000; Van de Putte et al., 2001). In somatic cells MgcRacGAP
locates to the midbody where it forms with the Mitotic Kinesin-
Like Protein 1 (MKLP1) a heterotetrameric complex called the
centralspindlin. MgcRacGAP controls the establishment of the
contractile ring constriction preceding the abscission of the divid-
ing somatic cells (Davies and Canman, 2012; White and Glotzer,
2012). Although the molecular mechanisms underlying this func-
tion remain unclear and even controversial, it is believed to be
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mediated through interactions between the epithelial cell trans-
forming sequence 2 oncogene (ECT2), a Rho-speciﬁc Guanine
Exchange Factor (GEF) and to be subjected to a phosphorylation-
dependent regulation involving the Aurora kinase B (AURK B) and
the protein phosphatase 2A (PP2A) (Asano et al., 2013; Guse et al.,
2005; Toure et al., 2008). Recently, MgcRacGAP was shown to
connect the mitotic spindle to the plasma membrane through its
C1 domain (Lekomtsev et al., 2012). MgcRacGAP was also shown to
locate to chromosome centromeres in dividing somatic cells and to
ensure epigenetic centromere maintenance after loading the
centromeric protein CENP-A (Lagana et al., 2010).
In the testis, the germ cells undergo incomplete cytokinesis
throughout the entire process of spermatogenesis and thus remain
connected as a syncytium enabling the sharing of cytoplasmic
molecules and organelles. The presence of intercellular bridges is
an evolutionary conserved feature of both male and female germ
cells, which was described more than 60 years ago (Burgos and
Fawcett, 1955) and proposed to contribute to the synchronization
of the germ cell divisions and/or to the production of a uniform
and phenotypically diploid population of gametes.
Until recently, very little was known about the molecular
mechanisms leading to the formation of these intercellular
bridges. The Testis expressed gene 14 (TEX14) encodes a dead-
kinase protein speciﬁcally produced in the testis and was shown to
be required in the mouse for the formation of the intercellular
bridges, the completion of the meiosis and for male fertility
(Greenbaum et al., 2006). Interestingly, TEX14 was shown to
promote the formation of the intercellular bridges by interacting
with CEP55, a ubiquitous factor required for cell abscission, and to
prevent CEP55 interaction with components of the abscission
machinery (Iwamori et al., 2010).
We and others have previously shown that, in addition to its
localization to the midbody of somatic cells during mitosis,
MgcRacGAP locates to the intercellular bridges, where it co-
localizes with TEX14 (Greenbaum et al., 2007, 2006; Naud et al.,
2003). In order to deﬁne the role(s) of MgcRacGAP in vivo, in
particular in the post-natal male germline, we generated a condi-
tional knock out (KO) mouse model using the retinoic acid gene 8
(Stra8) promoter to direct speciﬁcally Cre recombinase synthesis
in this cell lineage. We present here the detailed phenotypic
analysis of the conditional MgcRacGAP KO mice. We observe that
male MgcRacGAP KO mice are infertile and show that, in consis-
tence with MgcRacGAP function in the establishment of the
cytoplasm constrictions leading to cell abscission in the somatic
cells, the lack of MgcRacGAP precludes the formation of the
intercellular bridges in the germ cell lineage and induces a
spermatogenesis arrest.
Materials and methods
Transgenic mice
Handling of mice and experimental procedures were per-
formed in accordance with the institutional guidelines for animal
care and use (Authorization no. 12-65, Comité d’Ethique Université
Paris Descartes).
The conditional MgcRacGAP knock-out mice, MgcRacGAP f l/þ
mice, carrying the critical exon 2 ﬂanked with the loxP recombina-
tion sites in the C57BL/6 background were previously described
(Yamada et al., 2008). The transgenic mice carrying the Cre
recombinase transgene under the control of the Stra8 promoter
(Sadate-Ngatchou et al., 2008) in the FVB/NJ background, I.e. FVB/
N-Tg(Stra8-cre) mice, were purchased from The Jackson Labora-
tory (Bar Harbor, Maine 04609 USA).
C57BL/-MgcRacGAP f l/þ and FVB/N-Tg(Stra8-cre) mice were
intercrossed; double transgenic hybrids were then mated to gen-
erate MgcRacGAP f l/f l and MgcRacGAP f l/þ mice, respectively, which
both carry the Stra8-cre transgene and correspond to homozygous
and heterozygous knockout (KO) mutant mice, respectively;MgcRac-
GAP f l/f l mice which do not produce cre, and MgcRacGAPþ /þ that
carry the stra8-cre transgene obtained from the same breeding, were
used as controls.
Transgenic mice screening
Genomic DNA was puriﬁed from tail biopsies (Nucleospin tissue,
Macherey Nagel, Düren, Germany) and PCR was performed with the
following primers: Stra8-cre [fw:gtgcaagctgaacaacagga rv: aggga-
cacagcattggagtc] and MgcRacGAP-ﬂ [fw:tattactgaataggattatcggtct
rv:tggaaagcaatgcctgattcaatag]
PCR program: 25 cycles [(94 1C, 30 s; 55 1C, 30 s; 72 1C, 1 min)þ
72 1C, 7 min].
DNA recombination
DNAwas puriﬁed from testes and tails biopsies (Nucleospin tissue,
Macherey Nagel, Düren, Germany) and PCR was performed with the
following primers for the MgcRacGAP gene and ﬂanking its exon 2:
fw: tatatttaagtatactgtactgtagctgtc, rv:tattactgaataggattatcggtct.
The size of the PCR amplicons generated by the wild-type,
ﬂoxed and recombined alleles of the gene are 1245 bp, 1370 bp
and 288 bp, respectively.
Histology and immunochemistry
Testes were dissected out and immediately ﬁxed in Davidson's
modiﬁed buffer for 1 up to 4 h at room temperature. Fixed tissues
were then dehydrated, embedded in parafﬁn, sectioned at 5 μm.
Sections were rehydrated, either stained with haematoxylin and
eosin or treated with sodium citrate buffer (10 mM sodium citrate,
pH 6.0) at 97 1C, 20 min and next hybridized with primary and
secondary antibodies for immunochemistry.
Quantiﬁcation of the seminiferous epithelium degeneration
was performed on hematoxylin–eosin sections for one control
and two mutant males; 153, 232 and 274 tubule cross-sections
present in one histological testis section were analyzed for the
control and the two mutant males, respectively.
For immunodetection analyses, the following antibodies and
dilution were used:
Primary antibodies: rabbit anti-Ki67 (Leica Biosystems, 1/1000
dilution), rabbit anti-Tex14 (Abcam, 1/100 dilution), rabbit anti-
CENP-A (Cell Signaling, 1/400 dilution), rabbit anti-PLZF (Santa
Cruz, 1/300 dilution), rabbit anti-SCP-3 (Abcam, 1/500 dilution) for
SYCP3 detection, rabbit anti-Stra8 (Abcam, 1/250 dilution) and
rabbit anti-DDX4 (Abcam, 1/150 dilution) for VASA detection.
Secondary antibody: Goat anti-rabbit Alexa-ﬂuor 568 (Invitro-
gen, Molecular Probes, 1/500 dilution).
Staining with 3-3'diaminobenzidine (DAB) was performed with
the Vectastain DAB staining kit (Vector Labs, Burlingame, USA).
Quantiﬁcation of the Ki-67 and PLZF positive cells per tubule
was performed by analyzing an average of 25–30 tubules for KO
and control testes, collected at 6, 8, 10 and 12 dpp (n¼4 animals).
Western blotting
Protein extracts were resolved on polyacrylamide gels (Novex
NuPAGE, Life technologies, New York USA), transferred to nitro-
cellulose membranes using standard procedures. Saturation and
antibodies hybridization were performed in PBS–5% fat-free dried
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milk. Immunoreactive bands were detected with SuperSignal West
Pico (Thermo Scientiﬁc, USA).
The following antibodies and dilutions were used: chicken poly-
clonal anti-MgcRacGAP (described in Toure et al. (2001); 1/1000),
guinea pig anti-Vimentin antibody (Progen, 1/1000), rabbit polyclonal
anti-Tex14 antibody (Abcam, 1/200), rabbit anti-LC3B antibody
(L7543 Sigma, 1/1000) mouse anti-Atg12 antibody (#2011 Cell
Signaling, 1/1000), mouse monoclonal anti-βtubulin antibody
(Sigma, 1/1000), rabbit polyclonal anti-mouse Ig coupled to Horse
Radish Peroxydase (HRP) (Dako, 1/1000), swine polyclonal anti-
rabbit Ig coupled to HRP (Dako, 1/500), rabbit polyclonal anti-
guinea pig Ig coupled to HRP (Dako, 1/1000) and rabbit anti-
chicken Ig coupled to HRP (Pierce, 1/30,000).
Electron microscopy
Testes were dissected and ﬁxed in 0.1 M phosphate buffer
pH 7 containing 3% glutaraldehyde (Grade I; Sigma-Aldrich Co.).
Samples were centrifuged and incubated in 0.1 M phosphate
buffer prior to secondary ﬁxation using 1% osmium tetra-oxide
(EMS). After dehydration and embedding in Epon resin (Poly-
sciences Inc., Warrington, PA, USA), semi-thin sections were cut
and stained with toluidine blue-Azur II; Ultra-thin sections
(90 nm) were cut with a Reichert ultracut S ultramicrotome
(Reichert-Jung AG, Wien, Austria) stained with uranyl acetate
and lead citrate. Sections were analysed with JEOL 1011 micro-
scope and images were digitally acquired with CCD camera Gatan
Erlangshen and Digital Micrograph software.
TUNEL assay
Testes parafﬁn embedded sections were processed for TUNEL
assay using the TACS 2 Tdt DAB kit (Trevingen, Gaithersburg, USA),
following manufacturer's instructions. Quantiﬁcation of the TUNEL
assay was performed by counting the number of TUNEL-positive
cells per tubule present in the whole cross-section of the testis
collected at 6, 8, 10 and 10 dpp for each genotype, which
represents an average of 150 tubules analyzed.
Statistical analysis
Quantiﬁcations are based on results from at least three inde-
pendent experiments. Statistical signiﬁcance was performed using
the Student's t-test.
Results
Conditional deletion of MgcRacGAP in the post-natal male germline
To document the effect of the removal of MgcRacGAP in the
post-natal male germ cells we generated the conditional deletion
of the MgcRacGAP critical exon 2 by mating MgcRacGAP ﬂ/ﬂ mice
(Yamada et al., 2008) and Stra8-cre transgenic mice (Sadate-
Ngatchou et al., 2008) (Fig. 1A; see Materials and Methods). The
Stra8-cre transgene is transcribed in the male germ cells from 3
dpp testes, and the encoded recombinase could be immunode-
tected from 7 dpp onwards (Sadate-Ngatchou et al. Genesis 2008),
indicating that conditional deletion of the MgcRacGAP allele
(s) should occur prior to meiosis in the spermatogonial cell
population. We monitored the timing and the efﬁciency of the
MgcRacGAP “ﬂoxed” allele deletion by PCR analysis on genomic
DNA extracted from the testes of heterozygous mutant mice
[MgcRacGAP ﬂ/þ ,Stra8-cre] mice. The PCR fragment speciﬁcally
generated by the deleted allele could be clearly detected at 10
dpp (Fig. 1B); a faint signal was also speciﬁcally detected at 6 and
8 dpp on a picture acquired with a longer time exposition (not
shown), indicating that the excision was actually initiated at
earlier stages in consistence with the anticipated pre-meiotic
deletion of the gene. In addition we analyzed the amount of
MgcRacGAP in the testes of homozygous mutant mice by western
blot analysis. As MgcRacGAP is expressed in both the somatic and
Fig. 1. A. PCR analysis of the MgcRacGAP conditional knock-out mice. Open boxes represent the 4 ﬁrst exons of the MgcRacGAP gene; loxP sites are shown as open triangles;
grey arrows represent the two primers used to monitor CRE-dependent recombination events. PCR amplicons generated by the wild type (WT; 1245 bp), ﬂox (ﬂ; 1370 bp)
and recombined (Δ; 288 bp) alleles of MgcRacGAP are indicated with grey lines. B. Semi-quantitative PCR analysis of MgcRacGAP gene recombination event in heterozygous
testes from mice aged of 6, 8, 10, 12 and 14 dpp. ﬂox: ﬂoxed intact MgcRacGAP allele; WT: wild type MgcRacGAP allele; Δ: cre-excised MgcRacGAP allele. C. Western blot
analysis of MgcRacGAP and Vimentin proteins performed on 14, 21 and 45 dpp protein lysates from control (Ct) and knock out (KO) whole testes. Normalization was
performed by hybridization of the membrane with β-tubulin (β-tub) antibody.
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the germ cell lineages, we also analyzed the amounts of Vimentin,
a Sertoli cell marker, in order to conﬁrm speciﬁc depletion of the
gene in the germ cells. As expected we found MgcRacGAP protein
levels not to be abolished but strongly reduced in the mutant testes
in comparison to the control testes; hence quantiﬁcation of the
western blot bands by densitometry indicates that the mutant testes
only expressed 58%, 47% and 52% of MgcRacGAP protein compared to
the matched control testes at 14, 21 and 45 dpp, respectively. Analysis
of the Vimentin protein levels in the mutant testes indicates that the
proportion of Sertoli cells was not diminished but rather increased,
therefore conﬁrming that depletion of the gene, as expected, only
occurs in the germ cell lineage (Fig. 1C).
Targeted disruption of MgcRacGAP results in spermatogenesis failure
and male sterility
We compared the phenotype of the homozygous mutant male
mice [MgcRacGAP ﬂ/ﬂ, Stra8-cre] to that of the heterozygous mutant
and wild-type littermates: [MgcRacGAP ﬂ/þ , Stra8-cre], [MgcRacGAP ﬂ/
ﬂ or MgcRacGAPþ /þ , Stra8-cre], respectively. Both heterozygous and
wild-type littermates were shown to be healthy and fertile. In
contrast, while being healthy, all homozygous knockout (KO) males
were sterile, as no pup could be obtained despite normal sexual
behavior, as conﬁrmed by the presence of vaginal plugs in mated
females. Although their body weight was similar to that of control
animals (Sup Fig. S1), homozygous mutant male shows a drastic
reduction of testis size, starting from 10 to 12 dpp in consistence with
the timing of the recombinase-mediated excision (Fig. 2A,B). In
particular at 45 dpp, the mean of the homozygous mutant testes
weight was 21.1 mg as compared to 68.3 mg for the control animals
(s.e.m. 2.9 mg; n¼5). Histological analysis of the homozygous knock-
out mice testes at 45 dpp showed numerous abnormal tubules, many
of which were markedly atrophic with a reduced number of
spermatocytes, spermatids and spermatozoa. In addition, large
Sertoli cell vacuolization was observed in all the testes of the
homozygous mutant mice that were analyzed (Fig. 2C). Quantiﬁca-
tion performed on entire testis cross sections from two mutant males
presenting with a mild and a severe phenotype indicated that 91.5%
(77%) of the seminiferous tubules were abnormal as they contained
numerous large vacuoles and in addition, either (i) lacked a germ cell
layer (T1 type), (ii) displayed a single type of spermatocytes or
spermatids (T2 type), or (iii) contained only Sertoli cells and
spermatogonia (T3 type) (Fig. 2C; Table 1)
Fig. 2. A Gross analysis of 45 dpp adult testes from wild type [MgcRacGAPﬂ/ﬂ],
heterozygous knock out [MgcRacGAPﬂ/þ , Stra8-cre] and homozygous knock out
[MgcRacGAPﬂ/ﬂ, Stra8-cre] littermate mice. Scale bar: 5 mm. ﬂ: ﬂoxed MgcRacGAP
allele, cre: Stra8-cre transgene. B. Testes weight evolution from 10 to 45dpp of
control (Ct) and homozygous knock out [MgcRacGAPﬂ/ﬂ, Stra8-cre] littermates.
Standard error of the mean (s.e.m.) is indicated on each bar. p Values: 9.4103
(10 dpp), 1.8103 (12 dpp), 3.9102 (14 dpp), 3.0106 (21 dpp), 8.2104
(35 dpp) and 2.0104 (45 dpp). C. Hematoxylin-eosin staining of 45 dpp control
(Ct) and knock out (KO) testes. Scale bar: 100 μm. One control and two mutant
males presenting with two degrees of severity observed in the mutants were used
for quantiﬁcation of the seminiferous epithelium degeneration; all tubule cross-
sections present in one histological testis section of the animals were analysed,
which represent 153, 232 and 274 tubules for the control and the mutants,
respectively. In the T1 tubule type were counted tubules with normal epithelium
with or without elongated spermatids; in the T2 tubule type were counted tubules
with vacuoles, missing layers and epithelium disorganisation; in the T3 tubule type
were counted empty tubules with spermatogonia only or devoid of germ cell
(Sertoli cell only phenotype).
Table 1
Quantiﬁcation of the germ cell populations in MgcRacGAP mutant testes.
Age KI67 (Ct vs KO) TUNEL (Ct vs KO) PLZF (Ct vs KO)
6 dpp 17.1 vs 16.7 3.1 vs 6.3 5.1 vs 1.0
p-value 0.79, NS 0.070 NS 1.82E04
8 dpp 8.4 vs 7.8 9.9 vs 11.7 7.1 vs 1.9
p-value 0.63 NS 0.51 NS 2.61E10
10 dpp 11.5 vs 10.2 34.0 vs 16.0 7.9 vs 4.6
p-value 0.72 NS 0.05 3.02E03
12 dpp 23.0 vs 7.8 52.3 vs 28.5 6.9 vs 4.0
p-value 1.38E05 5.65E03 4.45E03
Statistical comparison of Ki67, TUNEL and PLZF labelled cells in control (Ct) and KO
mice at 6, 8, 10 and 12 dpp testes. The calculated p-value is compared to the
predetermined signiﬁcance level (0.05).
Ki67, PLZF: mean number of labelled cells per seminiferous tubule (5 μm section).
TUNEL: mean number of labelled cells per testis section (normalized surface, 5 μm
section).
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MgcRacGAP mutant testes show a massive reduction of the
PLZF-positive population of undifferentiated spermatogonia and
contain aberrant multi-nucleated cells
In order to establish at which stage of differentiation germ cell
depletion occurs, we performed immunodetection of various
spermatogenic markers at 12 dpp, when difference in testis weight
was ﬁrst noticed. Analysis of markers for differentiated spermato-
gonia and primary spermatocytes, such as the stimulated by
retinoic acid gene 8 (Stra8) and the synaptonemal complex protein
3 (Sycp3), respectively, indicated a dramatic reduction of the
labeling in the mutant samples (Fig. 3A), conﬁrming that the
spermatogenesis block occurs at the early stages of the spermato-
genic process. Immunodetection of the promyelocytic leukemia
zinc ﬁnger protein (Plzf), which is present in undifferentiated
spermatogonia, revealed a reduced number of PLZF-positive cells
in the mutant samples (Fig. 3A). The counting of PLZF-positive
cells per tubule sections of testes collected at 6, 8, 10 and 12 dpp
revealed a massive reduction of the undifferentiated spermatogo-
nia pool from 6 dpp, in MgcRacGAP mutant testes (Table 1).
Interestingly, analysis of the PLZF staining at 6 dpp revealed that
most of the remaining PLZF-positive cells that were present in the
mutant testes correspond to abnormal, multi-nuclear cells
(Fig. 3B). Immunodetection of Vasa, a pan-germ cells marker,
performed on testes sections collected at 12 and 45 dpp conﬁrmed
the overall depletion of the germ cell lineage in the KO testes
together with the presence of multinucleated germ cells (Sup
Fig. S2).
Histological observations of pre-pubertal testes collected at 6,
8, 10 and 12 dpp revealed a reduced number of germ cells in all the
mutant testes analyzed; in addition we conﬁrmed the presence of
several bi-nucleated or multi-nucleated spermatogonia in 6–10
dpp mutant testis, which was never detected in the control testes.
In consistence with the timing of the observed testis weight
reduction, early spermatocytes were found in about a quarter of
the seminiferous tubules of 12 dpp control testis, while the most
advanced germ cells found in mutant testis were spermatogonia
with persistence of some multi-nucleated spermatogonia (Fig. 3C).
Loss of the germ cells in MgcRacGAP mutant testes results from a
proliferation arrest
To deﬁne the mechanism underlying the loss of germ cells in
the MgcRacGAP knock out testes, we monitored the proliferation
and the apoptosis levels using Ki67 and TUNEL staining, respec-
tively, on post-natal testes collected at 6, 8, 10 and 12 dpp. The
number of TUNEL-positive cells was not increased in the mutant
testes as compared to control testes at 6 and 8 dpp; however,
it was signiﬁcantly reduced at 10 and 12 dpp in the mutant
testes (Fig. 4; Table 1). This is consistent with the reduced size
of the PLZF positive population, providing less germ cells that
can be subjected to the apoptotic wave normally occurring in the
Fig. 3. A. Immunodetection of PLZF, STRA8 and SCP3 in the seminiferous epithelium of control (Ct) and knock out (KO) testes at 12 dpp. Scale bar: 50 μm. B. PLZF labelling of
control (Ct) and KO testes at 6 dpp. Scale bar: 25 μm. C. Hematoxylin–eosin staining of control (Ct) and KO testes at 6, 8, 10, 12 dpp. Yellow arrows indicate abnormal
multinuclear cells. Scale bar: 25 μm.
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pre-pubertal testes (Rodriguez et al., 1997). Analysis of Ki67-
positive cells indicated normal numbers in 6, 8 and 10 dpp testes,
which might correspond to proliferating Sertoli cells, but signiﬁ-
cant reduction was observed in 12 dpp testes (Fig. 4; Table 1). As
apoptosis was not found increased but instead diminished in the
mutant testes, we examined the rate of autophagy, for it is a
possible process that eliminates the aberrant multi-nucleated
gonocytes observed in the mutant testes. For this, we performed
western blot analysis on mutant testes collected between 10 and
21 dpp and examined the amounts of the LC3 isoforms and the
Atg12–Atg5 conjugate, which are key factors involved in the
process of autophagy (Geng and Klionsky, 2008; Barth et al.,
2010; Glick et al., 2010). Neither the ratio of the LC3 isoforms
nor the amount of the Atg12–Atg5 conjugate was found deregu-
lated in the mutant testes in comparison to control testes (Sup Fig.
S3). Thus, deletion of MgcRacGAP induces a division defect of the
spermatogonial cells resulting in multi-nucleated cells and further
proliferation arrest.
Normal karyokinesis but impaired formation of the intercellular
bridges in MgcRacGAP mutant testes
In order to better deﬁne the cellular and/or structural defects
associated with the spermatogenesis arrest in MgcRacGAP mutant
testes, we performed transmission electron microscopy (TEM) ana-
lysis. Consistent with our biochemical and histological studies,
neither apoptotic cells nor phagosomes could be observed, but
several syncytial spermatogonia were detected in the mutant testes.
In these aberrant cells, all the nuclei were correctly individualized,
indicating that there was no karyokinesis defect (Fig. 5A).
During germ cell division, the midbody, a transient mitotic
structure that normally precedes the complete separation of the
cells, is stabilized by the germ cell-speciﬁc factor TEX14 and
converted into a permanent intercellular bridge (Greenbaum et al.,
2007, 2006; Iwamori et al., 2010). In order to evaluate the formation
of such intercellular bridges in the MgcRacGAP knock out testes, we
searched by TEM for the presence of these structures and also
analyzed TEX14 antigen presence. TEM analysis did not reveal the
presence of any intercellular bridges in the mutant testes while a few
bridges could be detected in control testes (Fig. 5A). Furthermore,
Tex14 immunostaining revealed a faint non-speciﬁc staining in the
nucleus of both control and mutant testis but the speciﬁc punctuate
staining between the germ cells, indicating the presence of the
intercellular bridges, could only be detected in the control testis
(Fig. 5B); in consistence with this, western blot analysis performed on
whole testes protein lysates revealed that TEX14 protein production
was abolished in the KO testes (Fig. 5C).
Finally, as in HeLa cells, the pool of the nuclear MgcRacGAP was
shown to be required for the stability of newly incorporated CENP-A
on the centromeres during mitosis (Lagana et al., 2010), we checked
the loading of CENP-A in the centromeres of MgcRacGAP-null cells, as
identiﬁed by their multi-nucleated state. In all the multi-nucleated
cells that were observed and shown to be PLZF-positive cells as well,
the amounts of CENP-A protein in the nuclei appeared normal,
suggesting that in the post-natal spermatogonial cells the deletion
of MgcRacGAP did not affect the loading of CENP-A on the centro-
meres (Fig. 6).
Altogether, these results suggest that while karyokinesis and
chromosomal events seem to occur normally in the mutant germ
cells, the cytoplasm constrictions are not established, hence
precluding the formation of the permanent germ cell bridges.
Discussion
In the present study, we investigated the consequences of the bi-
allellic deletion in the mouse post-natal male germ cells of MgcRac-
GAP, encoding a negative regulator of Rho GTPases that we
Fig. 4. TUNEL (left) and Ki67 (right) labelling of control (Ct) and knock out (KO) testes at 6, 8 10 12 dpp. Scale bar: 50 μm.
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previously found to be highly present in the mouse embryonic brain
and in the human and mouse adult testis (Arar et al., 1999; Toure
et al., 1998). Double transgenic [MgcRacGAPﬂ/ﬂ, Stra8-creþ /] males
were found to be sterile with no spermatozoa present in the
epididymis, nor in the testes. We found that deletion of MgcRacGAP
induces a spermatogenesis arrest in the PLZF-positive population of
undifferentiated spermatogonia, conducing to the phenotype of
azoospermia. In accordance with the known function of MgcRacGAP
for cytoplasmic constriction that precedes the ﬁnal step of the
cytokinesis in the somatic cells, we observed that deletion of
MgcRacGAP results in multi-nucleated germ cells that cannot develop
beyond two cycles of division and cannot establish the intercellular
bridges that are required for spermatogenesis. This phenotype is
similar to that previously obtained when the Citron kinase gene,
encoding an effector acting downstream of the Rho GTPases, was
invalidated in the mouse (Cunto et al., 2002). These results thus
conﬁrm that in vivo the RhoGTPase signaling pathway is not only
essential for the cytokinesis of the somatic cells, as previously
described, but also for the cytoplasmic constrictions leading to the
intercellular bridges in the male germline.
The results we present here are also consistent with unpublished
studies of heterozygous mice carrying a gene trap vector insertion
inMgcRacGAP (gene trap locus 11; gtl11) (Van de Putte et al., 2001).
Hence as the homozygous gene trap deletion was shown to be
embryonic lethal due to a severe cytokinesis defect of the blasto-
meres, we searched for potential minor testis and germ cells defect
in the heterozygous mice that were overall phenotypically normal
and fertile. By conducting a detailed analysis of the heterozygous
gtl11 mutant mice we observed a signiﬁcant reduction of the testis
weight during the ﬁrst wave of spermatogenesis, which was later
compensated in the pubertal mice and hence had no consequences
on the fertility of such adult mice (unpublished data). In the present
study, in contrast to the heterozygous gtl11 mice, we did not
observe testis and germ cell defects in the heterozygous conditional
knockout mice, suggesting that half an allelic dose of MgcRacGAP in
the germ cells is sufﬁcient for their correct division. The accentu-
ated phenotype observed in the heterozygous gtl11 mice may be
due to the depletion of MgcRacGAP in the somatic lineage too, in
contrast to the present conditional knock out mouse model.
Function of MgcRacGAP during karyokinesis of the male germ cells
MgcRacGAP has been assigned several roles during cell divi-
sion. One of these functions is nuclear, as demonstrated in HeLa
cells, where MgcRacGAP in association with the GEF ECT2 and the
small GTPases Rac and Cdc42 was shown essential for the main-
tenance of the H3 variant histone, CENP-A, at the centromere
(Lagana et al., 2010). The analysis of CENP-A in the spermatogonial
cells defective in MgcRacGAP did not reveal any defect in CENP-A
loading. PLZF-positive multi-nucleated cells, which performed two
successive cycles of division, did not show any reduction in
centromeric CENP-A labeling in comparison to mono-nucleated
cells. This suggests that in vivo and/or in the male germline,
MgcRacGAP is not essential for CENP-A loading.
Function of MgcRacGAP during cytokinesis and intercellular bridge
formation of the male germ cells
Both in vitro and in vivo, MgcRacGAP was shown to be required
for cytokinesis of somatic cells including of the pre-implantation
Fig. 5. A. Transmission electronic microscopic view of an intercellular bridge (red arrow) from a 10 dpp normal testis and of a multinuclear cell from a 10 dpp knock out (KO)
testis. No bridges could be observed in the KO testes. Scale bar: 1 μm. B. TEX14 labelling of control (Ct) and knock out (KO) testes at 8 dpp. Red: TEX14, blue: DAPI staining of
the nuclei. White arrows indicate the intercellular bridges labelled with Tex14 antibody in the control testis. A faint punctate and non-speciﬁc staining is also detected in the
nucleus of both control and mutant testes. C. Western blot analysis of TEX14 protein amount in control (Ct) and knock out (KO) testes.
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embryo (Jantsch-Plunger et al., 2000; Van de Putte et al., 2001;
Yamada et al., 2008; Zhao and Fang, 2005). MgcRacGAP associates
with MKLP1 to form the centralspindlin, which initiates the
assembly of the central spindle, leading to the formation of the
midbody and cell abscission. In somatic cells, an important step for
this process is the recruitment by the centralspindlin of the
centromeric protein CEP55, which interacts with ALIX/TSG101 and
promotes cell abscission through the ESCRT-III complex (Hu et al.,
2012; Zhao et al., 2006). Matzuk and co-workers described the
essential role of TEX14 for the formation of the germ cell bridges,
the progression of spermatogenesis and male fertility (Greenbaum
et al., 2006). They also elucidated the molecular mechanisms
involved: TEX14 was shown to prevent interaction of CEP55 with
ALIX, and thus stabilizes the midbody into a permanent intercel-
lular bridge (Iwamori et al., 2010). Despite correct division and
individualization of their nuclei, our data indicate that MgcRacGAP-
null cells could not assemble the central spindle and the midbody,
which constitutes the base for the intercellular bridges. In line with
this, no intercellular bridges could be observed by TEM, and Tex14
was absent in the mutant testes. After up to two cycles of division
the aberrant multi-nucleated MgcRacGAP-null cells did not progress
further to mitosis and meiosis. As the multi-nucleated cells
observed in the knockout model are rarely apoptotic, we assume
that the cell loss originates from a block of cell proliferation. Hence
the analysis of Ki67-positive cells indicated that the number of
proliferative cells was signiﬁcantly reduced in 12 dpp testes. From
6 to 10 dpp, the Ki-67 labeling index inMgcRacGAP knock out testes
was similar to that of control testes; as the pool of PLZF-positive
cells in age-matched testes is clearly reduced in MgcRacGAP knock
out testes, some of these proliferating Ki-67-positive cells may
correspond to Sertoli cells.
Behavior of the spermatogonial stem cell population
in MgcRacGAP-null testes
In a few mutant MgcRacGAP adult testes sections (45 dpp), we
observed some rare spermatocytes, spermatids and sperm cells,
which might arise from a spermatogonial population that still
succeeded in establishing the intercellular bridges and progressing
through meiosis; this population might have escaped cre-
mediated recombination. This has also been observed by Sadate-
Ngatchou et al.: they described a small percentage of cells, which
did not exhibit cre-induced activation of their GFP transgene in
the Stra8-CRE transgenic line (Sadate-Ngatchou et al., 2008).
In agreement with this we observed a pool of PLZF-positive cells
in 45 dpp adult knock out testes, demonstrating that the stem cell
population is not totally exhausted, and is capable of providing
undifferentiated spermatogonia which are possibly immediately
subject to cre-recombination or, alternatively, escape the cre-
recombination (data not shown). Nevertheless, the proliferative
populations of undifferentiated spermatogonia (type A) observed
in both the pre-pubertal testis and the adult testes are not
sufﬁcient to provide functional testis replenishment.
In conclusion, our ﬁndings are consistent with a novel and
essential role of MgcRacGAP for the establishment of cell constric-
tions occurring at the ﬁnal stages of the cytokinesis in somatic
cells and that are converted into permanent intercellular bridges
in the male germ cells. Taking into account this essential and
ubiquitous function of MgcRacGAP, it is unlikely that inherited
homozygous loss of function mutations of the gene would be
viable in humans. However de novo mutations of the gene in the
testis might induce oligozoospermia and/or azoospermia, which
are frequent male infertility phenotypes but still poorly deﬁned at
the genetic level.
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